INTRODUCTION

29
In the frame of a Circular Economy there is an increasing need for valorizing by-products/waste streams 30 and developing so-called "markets of secondary products" [1] . However, in order to create such batch processes [33] [34] [35] [36] [37] . In some cases the authors have subsequently validated the results in continuous 1 mode [23] . However, optimal conditions obtained in batch operations are not necessarily corresponding 2 to the best ones in continuous mode, since they do not take into consideration important factors of 3 continuous processes, such as the dilution rate/hydraulic retention time (HRT) and, more importantly, its 4 effect on the other parameters. Interestingly, the use of continuous processes might offer several 5 advantages in terms of future industrial applications, also in the case of glycerol valorization processes 6 [32, 38] . Such advantages may include higher volumetric production rate (with an important impact on 7 the reduction of the reactor size and capital investment), as well as a more intensive use of the equipment, 8 while facilitating operations from a control standpoint [7, 39, 40] . Nonetheless, only extremely few studies 9 have addressed statistical optimization in continuous mode, mainly focusing on chemical reaction 10 processes [41, 42] . Moreover, there are not many studies concerning continuous operations for glycerol 11 fermentation processes [7, [43] [44] [45] [46] and to the best of our knowledge none regarding statistical optimization 12 including the HRT, which has a fundamental effect on the fermentation process. The study by Silva and 13 colleagues [47] is, to our knowledge, the only one investigating the effect of HRT and pH on glycerol 14 fermentation for H 2 production by MMC and applied a first-order regression model (so rather a screening 15 design) on the experimental data to predict yields at different pH and HRT values. However, the focus of 16 the study was on the discussion of microbial diversity, so the authors did not perform a complete 17 statistical optimization that would consider the interactions among variables. Dubey and colleagues [48] , 18 on the other hand, performed a complete statistical optimization to a bioprocess in CSTR (not involving 19 glycerol), without considering the effect of HRT though. Since one of the major advantages of growing 20 microbes in chemostats over batch cultures is exactly the ability to experimentally control the growth rate 21 of cells [49] through the HRT, it would be important to take this into consideration when working in 22 continuous operation.
23
In a previous study the authors have selected different MMC and tested their stability in continuous 24 processes [6, 7] . The overall idea was to develop a two-stage process in which glycerol fermentation 25 would be coupled to the production of polyhydroxyalkanoates (PHA) through the selective consumption 26 of butyric acid, while leaving intact the 1,3 PDO, thus facilitating its recovery [50] (or eventually through 27 the conversion of 1,3 PDO and butyric acid to PHA [51] ). Therefore, the joint production of 1,3 PDO and
6
Inoculum samples were stored in the freezer at -18°C. Prior to use, the frozen mixed culture was 1 transferred to the refrigerator at 4°C, for 2 hours, and then for an additional hour at room temperature, 2 before being inoculated. 125 mL serum vials were used for batch experimentation. 45 mL of synthetic 3 growth medium (described in the following paragraph) were flushed for 5 minutes with a mixture of 80% 4 N 2 and 20% CO 2 , in order to obtain anaerobic conditions, prior to inoculation, and incubated at 37°C and 5 150 rpm. Gas and liquid samples were collected regularly. Batches at 24 h fermentation (exponential experiments, to secure anaerobic conditions. The medium was sterilized in 20L blue cap bottles, in order 1 to avoid the introduction of non-controlled variability, due to eventual microbial growth (which would 2 have unpredictable effects on the substrate composition). Tubes and media were changed every 4-5 days.
3
The sterilization in the 20L blue caps caused a certain loss of volume, due to water evaporation, that 4 determined up to 10% increase of the initial glycerol concentration. The outlet vessel was changed 5 regularly and was connected with a vessel filled with water, to discharge pressure and to prevent air inlet 6 [7] . HRT values were calculated based on the average volume of liquid discharge every day in the 7 effluent. Oscillations from the set value were observed, due to typical imprecision of small peristaltic 8 pumps and the occasional growth of biofilm inside the tubes. Substrate consumption rate (R Gly ) during 9 steady state was calculated according to the following equation:
Where D is the dilution rate (h -1 ), Gly 0 is the glycerol concentration in the feed and Gly the concentration of glycerol in the reactor at steady state. For a data consistency check, a carbon recovery (Rc) was 
Statistical Optimization
16
Based on the previous experiments in continuous mode [7] , three design variables were chosen to be 17 investigated: pH (range 5-7), HRT (range 6h-18h) and glycerol concentration (10-50 g/L). The response 18 variables were: butyrate production rate (g/L/d), butyrate concentration (g/L), 1,3 PDO production rate 19 (g/L/d) and 1,3 PDO concentration (g/L). The ranges were chosen (based on preliminary results) in a way 20 to avoid experimental conditions that would lead to cell washout [7] . Statistical optimization was 21 performed by applying an Inscribed Central Composite (ICC) Design, using the software Design Expert 9 (Stat-Ease, USA). The software defined 17 experimental conditions (runs), with three replicates at the 23 central point, which were used to evaluate the variability of the system and perform the ANOVA and 24 response surfaces. Each run was performed for a period of 20 HRTs, in order to guarantee the 25 establishment of steady state and the ability to maintain it [7] . The average values of the responses obtained during the steady state (corresponding to an operation period of approximately 6 HRTs with less 8 applied to investigate the experimental region and predict the optimal conditions, according to the 1 second-order polynomial function:
Where y is the predicted response,  0 a constant,  i the linear coefficients,  ii the squared coefficients, 4 and  ij the cross-product coefficients. The joint maximization of 1,3 propanediol and butyric acid was 5 evaluated using the "desirability" (D) concept for the optimization of dual goals, according to Oddone 6 and colleagues [56] , where the desirability for an experimental response value can range between 0 (for 7 the lowest value) and 1 (in the case of the highest observed value). 
9
Detection and quantification of glycerol, ethanol, 1,3 PDO, lactic acid and VFAs were obtained with a 10 Shimadzu HPLC equipped with a Aminex HPX-87H column (BioRad) operated at 60°C, as previously 11 described [6, 27] . In brief, a solution of 12mM H 2 SO 4 was used as eluent at a flow rate of 0.6 mL/min.
12
Samples were diluted 1:5 with deionized H 2 0, acidified with a 10% w/w solution of H 2 SO 4 , centrifuged 13 for 10 min at 10000 rpm and filtered with a 0.22 mm membrane, before injection. The concentrations and 14 standards used for the calibration curves are reported in Table S1 . The HPLC method and reproducibility 15 of results were tested before starting this study, to evaluate the potential effect of instrumental variability.
16
Microbial biomass was estimated through the determination of Total Suspended Solids (TSS), according 17 to standard methods [57] . Absorbance of samples was measured every day at an optical density of 600 18 nm (OD600) and microbial biomass concentration was calculated based on the correlation curve of TSS 19 concentration with OD.
20
The yields were calculated as the ratio between the product concentration (expressed in g) and the 21 glycerol consumed (in g), while productivities were obtained by dividing the average concentration, The main results of the experimental runs of the ICC Design are reported in Table 1 , while additional 1 information about the concentration of the main metabolites and the cell biomass can be found in Table 2 10 reported a rapid increase in glycerol consumption in the pH range from 4.0 to 7.0, and no cell growth 1 inhibition in the range from 6.5 to 8. 
16
Analysis of variance ANOVA showed that the fitting models were highly significant for all responses (p-17 value < 0.0003). The lack of fit (LOF) was not significant (> 0.05), suggesting that the models were able 18 to represent adequately the data within the experimental region [58] . The coefficient of determination (R-19 square) was higher than 0.94, thus explaining more than 94 % of the total variability in all cases (Table   20 3), with a Predicted R-square ranging between 0.89 and 0.96 (a comparison between the Observed versus
21
Predicted values for all four responses is shown in Table S5 ).
22
[ Table 3 ]
23
Glycerol concentration (C) and pH (A), as well as their interaction (AC), showed a significant positive 
26
on the other hand, was always negative. With the exception of Y PDO Conc , HRT was also significant and 27 showed a negative effect in the case of Y PDO Rate and Y BuA Rate , meaning that lower HRT favoured higher 28 productivities, within the studied range. On the contrary, HRT showed a positive effect on Y BuA Conc , thus implying that an increase in the HRT would favour BuA production (as confirmed by the sensitivity 1 analysis, which showed an 80% increase; Fig. S6 ), in good agreement with Papanikolaou and colleagues [46] .
3
The three-dimensional response surfaces for all responses are shown below. They are based on the 4 equations 3-6 and display the influence of the variables on the four responses, keeping one variable 5 constant at its optimum level, while changing the other two within the experimental range. The response 6 surfaces show the interactions between HRT and pH ( Fig. 1 A-D) and between glycerol concentration 7 and pH ( Fig. 2 A-D) .
8
[ Fig 1 A-D] 9
The model predicted a maximum 1,3 PDO production rate of 82.6 g/L/d (at pH 6.9, and HRT of 6.2 and a 10 glycerol concentration of 46.9 g/L), and a maximum butyric acid production rate of 21.1 g/L/d (with pH 11 6.9, 6.1h HRT and a glycerol concentration of 45.1 g/L). This corresponds to a 2.2 and 1.9-fold increase 12 in the production rates of 1,3 PDO and BuA, compared to the non-optimized process [7] . Moreover, a 13 maximum 1,3 PDO concentration of 25.1 g/L was predicted by the model (with pH 6.8, 11.1 h HRT and g/L/d 1,3 PDO (with an HRT of 12.5 h), obtaining, however, significant amounts of residual glycerol 19 inside the chemostat [43] . Similar productivities were also observed by Papanikolaou and colleagues 20 when growing a pure strain of C. butyricum on crude glycerol, using single-stage continuous cultures in 21 comparable conditions: 1,3 PDO production rate reached around 80 g/L/d (3.3 g/L/h) with a feed of 60 g/L [46] . Even though the authors also reported higher feed concentrations, it is important to bear in mind 23 that the feedstock used in the present study was crude glycerol from animal fat-based biodiesel 24 production, while most of the literature studies focus on plant oils and/or cooking oils [6, 27, 46] .
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Therefore, a straight-forward comparison is very difficult. In fact, it has been reported that impurities (i.e.
12
substrates [59, 60] . In a previous study, for instance, a hexane-extraction step was applied in order to 1 reduce the concentration of lipids and (long chain) fatty acids present in the 2G crude glycerol and 2 evaluate its potential inhibitory effect on the microbial growth [6] . The assumption was that high 3 concentration of LCFA could have a negative interaction with the cell membranes of Gram positive 4 anaerobic bacteria of the anaerobic sludge. It is known that adapted MMC have the ability to create 5 synergistic effects which can improve the degradation of complex substrates (also containing different 6 impurities), both in sterile and non-sterile conditions [6] , thus making them of particular interest in 7 fermentation processes [61, 62] . For this reason, the use of an adapted MMC was of particular importance 8 in the present study, since preliminary tests had shown inhibition of pure cultures already with 10 g/L of 9 this type of crude glycerol [63] , and here effective fermentation of up to 50 g/L glycerol succeeded.
10
Similarly, the study by Khanna and colleagues showed that the percentage of unutilized glycerol by the 11 pure strain Clostridium pasteurianum was 89.5% (with an initial glycerol concentration of only 5 g/L)
12
and increased up to 93.9% when using 25 g/L of glycerol [64] .
13
It is worth noting that the response surfaces did not show a clear peak (see also [23, 48, 65, 66] ), which 14 could suggest that the optimum points were rather at the border of the design boundaries. This might 15 represent a drawback in the application of statistical optimization using chemostats, since the curve of 16 productivity will always lead to a dramatic drop when the dilution rate reaches the critical value (causing 17 cell washout). This means that the shape of the response surface will not reach a clear peak, when the 18 system approaches the maximum growth rate. It might therefore be questioned whether a more extended 19 range of the parameters would not have allowed to reach an even higher performance, even though 20 preliminary results with higher feed concentration (60 g/L) did not improve product concentration or 21 rates (while lower HRT, with a feed concentration of only 35 g/L, was already causing a biomass loss of 22 30%) [7] . It is also worth emphasizing that in the present study, run 16 (41.9g/L;8.4h HRT; pH 5.4)
23
represented already a limit condition, leading to a very low biomass concentration (0.239 g/L, compared 24 to 2.18 g/L of run 1) and a high residual glycerol concentration, which was approaching the feed 25 concentration (thus suggesting the approaching of the wash out dilution [40] ). The critical dilution rate 26 was most probably affected by a combination of low HRT, together with the low pH and high glycerol 27 concentration (see Table 2 ). This experimental condition (run 16) was repeated twice in order to exclude 28 13 eventual experimental mistakes, but it confirmed to represent the limit of the experimental boundaries, 1 and had to be excluded from the model calculation (since it was causing a decrease of LOF < 0.05 in the 14 synergistic mechanisms and the adaptation to this substrate makes the community not only better tolerate 1 inhibition, but also outcompete non-selected strains that can be present, due to the lack of sterilization 2 (with significant reduction of operating costs).
3
Statistical optimization provided thus important information to improve the fermentation of a 2G glycerol 4 and can be used as a decision-making tool [70] , especially in the view of managing multi-stage processes, 
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